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Ultralight primordial black holes (PBHs) with masses . 1015g and subatomic Schwarzschild radii, produced in
the early Universe, are expected to have evaporated by the current cosmic age due to Hawking radiation. Based
on this assumption, a number of constraints on the abundance of ultralight PBHs have been made. However,
Hawking radiation has thus far not been verified experimentally. It would, therefore, be of interest if constraints
on ultralight PBHs could be placed independent of the assumption of Hawking-radiation. In this paper, we
explore the possibility of probing these PBHs, within a narrow mass range, using gravitational-wave (GW) data
from the two LIGO detectors. The idea is that large primordial curvature perturbations that result in the formation
of PBHs, would also generate GWs through non-linear mode couplings. These induced GWs would produce a
stochastic background. Specifically, we focus our attention on PBHs of mass range ∼ 1013 − 1015g for which
the induced stochastic GW background peak falls in the sensitivity band of LIGO. We find that, assuming a
monochromatic PBH mass distribution, the corresponding GW background would be detectable using presently
available LIGO data, provided we neglect the existing constraints on the abundance of PBHs, which are based on
Hawking radiation. For more realistic (broader) mass distributions, we find that this stochastic background would
be detectable in LIGO’s third observing run, even after considering the existing constraints on PBH abundance.
A non-detection should enable us to constrain the amplitude of primordial curvature perturbations as well as the
abundance of ultralight PBHs.
I. INTRODUCTION
Primordial black holes (PBHs) are thought to be produced
via the direct collapse of overdense regions in the early Uni-
verse, in contrast to astrophysical black holes, which are pro-
duced by the collapse of the cores of massive stars. The lower
limit on the allowed range of masses for PBHs is much smaller
than for astrophysical black holes, permitting even the possi-
bility of Planck mass (∼ 10−5g) PBHs [1, 2].
PBHs have the potential to provide answers to many open
questions in astrophysics and cosmology. They are among
the often-considered candidates for dark matter, could aid the
formation of supermassive black holes and galaxies, and are
speculated to be possible sources of gamma-ray bursts [3–6,
and references therein]. If they are found to exist, they could
also probe the primordial spectrum of density fluctuations and
various phase transitions in the early Universe [3, 7].
They have therefore been searched for extensively using
various observations. These include observations of the extra-
galactic γ-ray background, gravitational microlensing exper-
iments (e.g.,. OGLE-I-IV, using Kepler objects, Eridanus-II
star clusters), cosmic microwave background experiments, dy-
namical constraints and accretion constraints [5, 7, 8, and the
references therein]. These observations and experiments pro-
vide strong constraints on PBH abundances in various mass
windows above∼ 1015g. Those with masses . 1015g, which
we refer to here as “ultralight PBHs”, are thought to have
evaporated by now due to Hawking-radiation. For such PBHs
we have constraints coming from measurements of the abun-
dances of light elements, since the presence of such PBHs in
the primordial universe would change the abundance of light
elements predicted in the standard big-bang nucleosynthesis
(BBN) due to high energy particles of the Hawking radiation.
[7, 9, and the references therein].
A more recent means of probing PBHs is via gravitational
waves (GWs). Ever since their detection on September 14,
2015, GWs have afforded a novel way to infer the existence
binary black holes (BBHs), as well as their intrinsic parameters
such as their masses and spin angular momenta. During the
first and second observing runs (O1 and O2) of the LIGO-
Virgo detectors, there were more than a dozen confirmed BBH
detections [10, 11], most of which were significantly heavier
than those observed in X-ray binaries. Their unexpectedly large
masses provided ample opportunity for a number of theoretical
formation channels to be proposed [12]. Among them is the
possibility that (at least some) of LIGO’s binary black holes
are PBHs [4, 13, 14] 1.
While ascertaining the provenance of LIGO’s black holes
as PBHs might be challenging, detecting mergers of sub-solar
BBHs would likely prove to be an important step in establish-
ing the existence of non-evaporated PBHs, since astrophysical
black holes are not expected to be lighter than ∼ 3M. The
non-detection of sub-solar BBHs would constrain the fraction
of dark-matter ( fPBH) as non-evaporated sub-solar PBHs. A
search for a narrow mass-range of resolvable sub-solar BBH
systems in LIGO-Virgo data was recently conducted, and a cor-
responding constraint on fPBH placed [7, 16, 17]. In addition, a
search in O1 data for the stochastic background of GWs from
coalescing stellar mass BBHs [18] and sub-solar-mass BBHs
[19] was also carried out.
In this article, we explore the prospects of detecting a
stochastic background of GWs from primordial curvature per-
turbations, which also result in the formation of PBHs through
gravitational collapse. Owing to this close connection, these
induced GWs offer an interesting probe of the abundance and
mass function of PBHs [20, 21]. Unlike most previous searches
for PBHs via GWs (resolved or stochastic), we do not rely on
these PBHs forming binaries. Instead, we focus on PBH for-
1 It has also been speculated that the putative binary neutron star merger event
GW190425 [15] could be a coalescence of two PBHs
ar
X
iv
:2
00
5.
05
69
3v
1 
 [a
str
o-
ph
.C
O]
  1
2 M
ay
 20
20
2mation in the radiation dominated era due to a large peak in the
primordial spectrum of curvature fluctuations around the mass
scale of ∼ 1013−15g. Such scenarios are possible in some hybrid
inflation theories [4, 7, 22, and the references within]. These
curvature fluctuations would lead to the formation of GWs via
scalar-tensor mode coupling in the second order perturbation
theory, thus producing a stochastic GW background [7, 23,
and the references therein]. We investigate the detectability
of this stochastic background by the LIGO observatories with
sensitivities achieved during the first three observing runs as
well as the expected design sensitivity.
We find that the GW energy density fraction ΩGW resulting
from a monochromatic peak in the curvature power spectrum
should be detectable in O1 and O2 data, if we allow the primor-
dial power spectrum to have its maximum possible amplitude
(neglecting the existing constraints that are derived assuming
Hawking radiation). However, the bulk of its SNR comes from
a feature associated with the monochromatic peak (see sections
II and III for details). While this might appear unrealistic, we
nevertheless investigate its detectability, since certain models
of inflation predict such nearly monochromatic distributions
[22]. On the other hand, ΩGW resulting from a Gaussian peak
in the curvature power spectrum, while undetectable in O1
and O2 data, should be detectable in O3 data for a range of
assumed variances. These results advocate a search for the
ultralight PBHs investigated in this paper in LIGO-Virgo data
from O1 and O2, as well as O3.
It is worth mentioning here that the amplitude of the energy-
density fraction ΩGW (which comes from the curvature power
spectrum) is a free parameter that needs to be constrained
from observation. We consider two cases where we investigate
detectability. The first uses existing constraints on the abun-
dance of ultralight PBHs from BBN and extra-galactic photon
background, both of which are a consequence of Hawking-
radiation, to fix the value of the amplitude. The second makes
no assumption pertaining to Hawking-radiation since this has
not been verified experimentally to date; the amplitude is fixed
by assuming the maximum possible value on fPBH(= 1).
The article is organized as follows: We summarize how the
expected SNR is calculated from the detector sensitivity curve
and the energy-density spectrum ΩGW in Section II. We then
briefly describe the formation of stochastic GW background
induced by primordial scalar perturbations in Section III. Sec-
tion IV presents prospective SNR values for various detector
sensitivities, and a range of ultralight PBHs associated with
GWs in second order perturbation theory. Section V concludes
the paper by summarizing and discussing the results, while
also advocating a search for these PBHs in O1, O2 and O3 data
(the latter could become available soon).
II. DETECTABILITY OF THE STOCHASTIC GW
BACKGROUND
Apart from the individually resolvable signals, like the ones
being detected by LIGO and Virgo, we also expect a stochas-
tic GW background to be present. This could be produced
either by energetic processes in the early Universe, or by the
incoherent superposition of many independent astrophysical
signals whose amplitudes may be too weak to be detectable as
individual sources (see, e.g., [24] for a review). The stochas-
tic GW background can be characterized completely from its
statistical properties. The central quantity in the detection of
this stochastic background is the spectrum of the “GW energy
density fraction”, which is the fraction of the critical energy
density ρc required for a flat universe, as GWs, per logarithmic
frequency bin [25, 26]:
ΩGW( f ) =
1
ρc
dρGW
d log f
, (2.1)
where ρGW is the energy density of GWs. Below, we show how
ΩGW( f ) is related to the GW polarizations.
The standard TT gauge GW metric perturbation can be
Fourier-expanded as a superposition of plane waves with fre-
quency f and propagation direction nˆ [27]:
hab(t, ~x) =
∫ +∞
−∞
d f
∫
S 2
d2Ωnˆ
∑
A
hA( f , nˆ) eAab(nˆ)
× exp[i 2pi f (t − nˆ · ~x/c)], (2.2)
where dΩn is the solid angle element, A = +,× denote the two
polarizations of GWs, and eAab denote the corresponding polar-
ization tensors. Assuming that the stochastic GW background
can be modelled as a zero-mean Gaussian random process, the
mean 〈hA( f , nˆ)〉 = 0 and (co)variances 〈hA( f , nˆ) h∗A′( f , nˆ′)〉 of
the random Fourier amplitudes become the defining charac-
teristics of this background. The (co)variances are related to
the energy density fraction via the GW power spectral density
(PSD) S h( f ) [27]:
〈hA( f , nˆ) h∗A′ ( f , nˆ′〉 =
1
16pi
δ( f − f ′) δAA′ δ2(nˆ, nˆ′) S h( f ) (2.3)
with
S h( f ) =
3H20
2pi2
ΩGW( f )
f 3
(2.4)
The detectors’ response to a stochastic background is char-
acterized by the overlap reduction function ΓIJ , which acts
as a transfer function between the GW PSD and the detector
cross-power CIJ , where I, J are labels for two detectors. If h(t)
is the response strain of a detector to a GW metric perturba-
tion hab(t, ~x), then the detector cross power is related to the
cross-correlation of the detector response strains as:
〈h˜I( f ) h˜∗J( f ′)〉 =
1
2
δ( f − f ′)CIJ( f ) (2.5)
where CIJ = ΓIJ S h( f ). The expected signal-to-noise ratio
(SNR) can be evaluated from the GW PSD S h( f ), the overlap
reduction function ΓIJ , as well as the detector noise PSDs
S 0( f ) [25–27]:
ρ =
√√
2T
∫ fhigh
flow
d f
 M∑
I=1
M∑
J>I
Γ2IJ S
2
h( f )
S 0I( f ) S 0J( f )
 (2.6)
assuming all detectors have the same coincident observation
time T . Above, flow − fhigh denotes the sensitive frequency
band of the detectors.
III. STOCHASTIC GW BACKGROUND INDUCED BY
PRIMORDIAL SCALAR PERTURBATIONS
Here we briefly outline the generation of the stochastic GW
background induced by scalar perturbations. Details of this
3derivation may be found in [28], and a more concise version
in [23]. We assume that the GWs are produced in the radia-
tion dominated era, and that the perturbations follow Gaussian
statistics. We also neglect any modifications to the stochas-
tic background due to propagation through the intervening
medium [29], as well as a potential enhancement that could
be produced during the matter dominated era [28]. The latter,
of course, implies that the SNRs estimated from the energy
density fraction derived here would be conservative.
We have strong constraints on the curvature power spec-
trum, Pζ(k), at scales k ∼ 10−4 − 10 Mpc−1 coming from the
cosmic microwave background (CMB) and the large scale
structures, though the spectrum is almost unconstrained over
smaller and larger scales. The exact shape of the curvature
power spectrum over these unconstrained scales is currently
unknown. Similarly, we practically have no constraints on the
mass distribution of PBHs over the mass range corresponding
to these scales. It is therefore natural to start with simplified
models. Among the most commonly considered models are
the monochromatic mass distribution of PBHs though, it is
generally agreed upon that such a distribution is unrealistic.
However, there are models of inflation that can give rise to a
narrow peak in the smaller-scale end in the curvature power
spectrum that can, in turn, give rise to a nearly monochromatic
PBH mass distribution. On the other hand, PBHs are possible
with an extended mass distribution also, although one would
need to provide its hyperparameters (such as, mean and vari-
ance) which are not known a priori. A search for the induced
stochastic GW background could inform and constrain these
parameters.
We start by relating the wavenumber scale k with the mass
scale within the Hubble horizon, MH
k ∝ 1√
MH
[
g∗ρ(T (MH))
]1/4 [
g∗s(T (MH))
]−1/3
, (3.1)
where T is the cosmic temperature, which is related to the mass
scale as:
MH = 12
(
10
g∗ρ(T )
)1/2 M3G
T 2
. (3.2)
Above, MG is the Plank mass, and g∗ρ, g∗s are the effective
degrees of freedom of relativistic particles, which can be calcu-
lated assuming the Standard Model, as done in [30] and used
in [23, 28].
The GW energy density fraction as a function of the
wavenumber can computed (semi-analytically) as follows
[23, 28]:
ΩGW(k) |today= Ωr024
(
g∗ρ(T )
g∗ρ(Teq)
) (
g∗s(T )
g∗s(Teq)
)−4/3 ( k
aH
)2
Ph(τ, k)
(3.3)
where a and H denote, as usual, the scale factor and the Hubble
parameter (which need to be evaluated at horizon entry), Teq is
the temperature of the Universe at the matter-radiation-equality
epoch, and τ is the conformal time. The time averaged power
spectrum Ph of the induced GWs is computed from the as-
sumed curvature power spectrum (see, for example, equations
D2 and D3 in [23])
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FIG. 1. The time-averaged perturbation spectrum Ph, rescaled by
the amplitude A, as a function of the rescaled wavenumber k/k0, for
monochromatic and normal-in-log curvature power spectra, Pζ(k). For
the log-normal spectra, we vary the variance σ, and find that for suffi-
ciently large values, the sharp feature present in the monochromatic
Ph washes away.
A. The monochromatic source
We can introduce a monochromatic peak in the curvature
power spectrum Pζ(k) to source the formation of PBHs with
nearly monochromatic mass distribution around a certain mass
of interest (MPBH). Such a curvature power spectrum can be
written as a Dirac delta function in log(k) centered around
some fiducial value log(k0) which is related to the mass of the
PBH through Eq.(3.1), and a free amplitude parameter A:
Pζ(k) = AδD(log(k/k0)). (3.4)
For the above power spectrum, Ph has the following analytical
form [23]:
P
mono
h =
9A2
8
(
4 − k˜2
4
)2
k˜2
(
3k˜2 − 2
)2 ×[
pi2
(
3k˜2 − 2
)2
Θ
(
2 − √3k˜
)
+
(
4 +
(
3k˜2 − 2
)
× log
∣∣∣∣∣1 − 43k˜2
∣∣∣∣∣)2
 Θ(2 − k˜).
(3.5)
The corresponding energy density fraction, ΩmonoGW , can be com-
puted from Eq.(3.3). As illustrated in Fig. 1, Ph/A2 has a sharp
feature, which is a consequence of the Dirac delta function in
the curvature power spectrum.
We evaluate the energy density for a range of wavenumbers
k rescaled by the central wavenumber k0. The expected SNR
that such a Ph (or, equivalently, ΩGW) spectrum would produce
depends on the value of the amplitude parameter A. We discuss
possible choices of A in a subsequent section.
4B. A broader “Gaussian in log(k)” source
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FIG. 2. The coarse-grained perturbation σc (the variance of the distri-
bution of density fluctuations δ) in the radiation dominated universe,
rescaled by the amplitude A, as a function of the rescaled wavenum-
ber k/k0. Increasing the variance σ of the normal-in-log curvature
power spectrum increases the range of wavenumbers over which the
σc spans.
An extended, more realistic choice for the curvature power
spectrum Pζ would be a normal distribution in log(k), centered
on log(k0), with a variance σ2:
Pζ(k) = A exp
− (log(k/k0))22σ2
 (3.6)
The resulting ΩgaussGW needs to be evaluated numerically, by
choosing values for A, k0 and σ. In Fig. 1, we plot the cor-
responding Ph, rescaled by A2, and compare with the corre-
sponding monochromatic case. We find that the sharp feature
present for the monochromatic power spectrum progressively
gets washed away in the Gaussian case with increasing values
of σ.
C. Fixing the amplitude A
To fix the amplitude A, we follow Wang et al’s [23] pre-
scription — the mass-distribution f (M) evaluated from the
curvature power spectrum Pζ is normalized to existing con-
straints (upper limits) on the fraction of dark matter fPBH in the
form of PBHs. The mass function is defined as follows:
f (M) ≡ 1
ΩCDM
dΩPBH
d log M/M
(3.7)
where ΩCDM and ΩPBH are the cold dark matter and PBH en-
ergy densities. Computation of the PBH mass function from
the sourcing curvature perturbation is non-trivial and a few for-
mulations have been proposed in the literature (recent progress
along this direction is given in [31, 32]). Because of the strong
exponential dependence of the PBH abundance on A, A would
not be sensitive to the choice of the formulation of the PBH
mass function. To be definite, in this paper we will use the
Press-Schechter formalism [33] to compute the PBH mass
function.
We briefly outline the method that can be used to acquire
f (M), given a density spectrum Pζ(k). Assuming that PBHs
are formed via critical collapse, the mass M of a PBH is related
to the Horizon mass scale MH and the amplitude of density
fluctuation δ as follows:
M = KMH (δ − δc)γ (3.8)
where K = 3.3, δc = 0.45 and γ = 0.36 are numerical constants
[23]. We assume a zero-mean Gaussian distribution of δ(M)
with variance σ2c(k(MH)) at a given horizon scale correspond-
ing to MH:
PMH (δ(M)) =
1√
2piσ2c(k(MH))
exp
(
− δ
2(M)
2σ2c(k(MH))
)
(3.9)
where σ2c(k) is the variance of δ(M), and can be written in
terms of curvature power spectrum Pζ(k) as:
σ2c(k) =
16
81
∫ +∞
−∞
q4
k4
T 2(q, 1/k)Pζ(q)d log qw2(q/k) (3.10)
where w(q/k) = exp(−q2/(2k2)) is a Gaussian window func-
tion, and T (q, τ = 1/k) = 3(sin y − y cos y)/y3, y ≡ qτ/√3
is a transfer function. We plot σc(k) in Fig.2 for both the
monochromatic and Gaussian power spectra, as a function of
k/k0 2 and therefore the mass-function f . For the latter, we
vary also the variance σ2, and find that σc(k) spans a wider
range of k/k0, as expected.
Using the Press-Schechter [33] formalism, the probability
of PBH production, βMH can be computed from the distribution
on δ(M) as:
βMH =
∫ ∞
δc
M
MH
PMH (δ(M))dδ(M) (3.11)
≡
∫ ∞
−∞
β˜MH (M)d log M (3.12)
For the assumed distribution PMH (δ), β˜(M) is given by:
β˜MH (M) =
M√
2piγσc(k(MH))
(
M
KMH
)1+1/γ
× exp
− 12σ2c(k(MH))
δc + ( MKMH
)1/γ2
(3.13)
where β˜MH is the distribution in the log of the PBH masses
post critical collapse. The mass-function can now be computed
from this distribution:
f (M) =
Ωm
ΩCDM
∫ ∞
−∞
(
g∗,ρ(T (MH))
g∗,ρ(Teq)
g∗,s(Teq)
g∗,s(T (MH))
T (MH)
Teq
)
2 The peak of σc/A differs from k/k0 = 1 by an amount that depends on the
shape of Pζ . As a result, the PBH mass-scale must accordingly depend on k
rescaled by this shift in the peak. For a more detailed explanation, see [23].
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FIG. 3. The mass function f (M) for a central PBH mass of 10−19M,
for monochromatic Pζ , as well as the normal-in-log Pζ with variance
σ = 0.88. The power spectrum is normalized to the upper limit
on fPBH from other experiments (Big Bang Nucleosynthesis, extra-
galactic photon background, etc) that assume Hawking radiation (see
for example [35] and references therein).
× β˜MH (M)d log MH . (3.14)
On the other hand fPBH is given by:
fPBH =
∫ ∞
0
f (M)d log(M/M). (3.15)
For the mass-scales that we probe in this article, the upper
limits on fPBH have been placed, assuming Hawking radiation,
from the extra-galactic photon background, as well as BBN.
As the existing constraints, we will use the ones given in [9]
which we show as a green curve in Fig. 3. This curve is
valid only for the PBHs with monochromatic mass function.
A method to translate this curve to the upper limit on the
amplitude of an extended mass function was provided in [34],
which we use in this paper to estimate maximal value for A.
For illustrative purposes, in Fig. 3, we plot f (M), for both
the cases, the monochromatic peak and the Gaussian peak
in the curvature power spectrum, for a mass-scale 10−19M,
and, for the case of Gaussian peak, a standard deviation of
σ = 0.88. Conversely, since Hawking radiation has to date not
been verified experimentally, we can also put an estimate on
A by setting fPBH = 1. The corresponding ΩGW would be the
largest allowed in this formalism, and its non-detection would
put Hawking-radiation-independent constraints on fPBH, the
first of its kind in the narrow mass-range of ultralight PBHs
probed in this paper.
IV. RESULTS
We evaluate expected SNRs for various sensitivi-
ties of the LIGO detectors, for choices of masses:
TABLE I. Expected SNRs of the stochastic GW background corre-
sponding to various PBH masses (indicated in the first column) and
two assumed shapes of the primordial power spectrum (second col-
umn) in various observing runs of LIGO (third column). The lower
limit on the frequency range is kept at 10 Hz for O1+O2, O3 PSDs,
and 5 Hz for the Design PSD. The amplitudes A of the curvature
power spectrum set by using existing constraints on fPBH are shown
in the fourth column. Those set by using the maximum allowed value
for amplitude A, when fPBH = 1, are tabulated parenthetically.
Mass (M) Pξ(k) Obs. Run A × 10−2 SNR
10−18.5 Mono O1+O2 2.01 (2.99) 0.0352 (0.0779)
10−18.5 Mono O3 2.01 (2.99) 0.0429 (0.0950)
10−18.5 Mono Design 2.01 (2.99) 13.6 (30.0)
10−19 Mono O1+O2 1.99 (3.00) 1.74 (3.95)
10−19 Mono O3 1.99 (3.00) 5.06 (11.5)
10−19 Mono Design 1.99 (3.00) 21.0 (47.8)
10−19.5 Mono O1+O2 1.91 (2.92) 1.06 (2.48)
10−19.5 Mono O3 1.91 (2.92) 2.20 (5.14)
10−19.5 Mono Design 1.91 (2.92) 7.05 (16.4)
10−20 Mono O1+O2 2.35 (2.86) 0.708 (1.05)
10−20 Mono O3 2.35 (2.86) 1.91 (2.84)
10−20 Mono Design 2.35 (2.86) 7.71 (11.5)
10−18.5 Gauss O1+O2 2.20 (3.26) 0.388 (0.848)
10−18.5 Gauss O3 2.20 (3.26) 1.30 (2.83)
10−18.5 Gauss Design 2.20 (3.26) 7.92 (17.3)
10−19 Gauss O1+O2 2.15 (3.26) 0.801 (1.83)
10−19 Gauss O3 2.15 (3.26) 2.24 (5.12)
10−19 Gauss Design 2.15 (3.26) 10.3 (23.5)
10−19.5 Gauss O1+O2 2.09 (3.16) 0.846 (1.93)
10−19.5 Gauss O3 2.09 (3.16) 2.12 (4.83)
10−19.5 Gauss Design 2.09 (3.16) 8.40 (19.1)
10−20 Gauss O1+O2 2.59 (3.16) 0.867 (1.29)
10−20 Gauss O3 2.59 (3.16) 2.08 (3.09)
10−20 Gauss Design 2.59 (3.16) 7.70 (11.4)
10−19, 10−19.5, 10−19.5, 10−20M, and set an SNR threshold of
2 for detectability. As shown in Fig. 4, these masses are as-
sociated with ΩGWs that fall within LIGO’s sensitivity band,
both for the monochromatic peak and the Gaussian peak in the
curvature power spectrum. We also plot the power-law inte-
grated sensitivity curves of LIGO, which represent sensitivity
curves for a stochastic GW background whose ΩGW( f ) can be
approximated as a power-law in the frequency.
We consider two cases, as described in an earlier section. For
the first case, the amplitude of the curvature power spectrum, A,
is fixed so as to respect the upper limits on the mass-functions
set by constraints on fPBH by other experiments that assume
Hawking radiation. For the second case, we allow the am-
plitude to take its maximum possible value, as determined by
fPBH = 1. All the SNRs are tabulated in Table I. We restrict our-
selves to a two-detector network consisting of LIGO-Hanford
and LIGO-Livingston. For the O1 and O2 observing runs, we
use the publicly available PSDs estimated by the LIGO-Virgo
collaboration [36]. For O3 sensitivity, we use the PSD from
[37]; for Advanced LIGO’s [38] Design sensitivity, we use the
projected PSD [39].
We find that the detectability of the GW background de-
pends not only on the sensitivity of the detectors, but also
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FIG. 4. The energy density fraction for the monochromatic peak in the curvature power spectrum case, ΩmonoGW (left panel), and for the Gaussian
peak in the curvature power spectrum case, ΩgaussGW with σ = 0.88 (right panel). We also plot the power-law-integrated curves [27] for O1+O2
sensitivity, and design sensitivity of LIGO, taken from [18]. Strictly speaking, these sensitivity curves are not valid for the energy density spectra
considered here, especially the monochromatic case, since it cannot be modelled as a power law in the frequency. Nevertheless, these curves are
indicative of the frequency range over which one might expect to acquire significant SNRs.a
a The power-law integrated curves correspond to detectability at 95% confidence (2σ). The σ in the legends of the plots should not be confused with the σ
associated with the extended PBH mass distribution.)
on the choice of the form of curvature power spectrum, as
well as its amplitude A. Among the PBH masses considered,
10−19M corresponds to the most optimistic scenario in terms
of the expected SNRs. With the O1+O2 sensitivity, only if we
assume the monochromatic power spectrum and the highest
possible value of A (corresponding to fPBH = 1; i.e., by ne-
glecting the constraints obtained from current experiments )
the expected SNRs cross the threshold of 2. Even then, since
a significant fraction of the SNR comes from a sharp feature
in ΩGW, these SNRs may be argued to be unrealistic. Never-
theless, as monochromatic PBH mass distribution is one of
the viable possibilities, it could be interesting to search for
this signal in O1+O2 data. On the other hand, for the O3
sensitivity, expected SNRs are above the threshold for both
choices of the shape of the power spectrum (monochromatic
and normal-in-log) for a wider PBH mass range. Note that this
is possible even for a less optimistic choice of A (its maximum
possible value that is not ruled out by current experiments).
By the time the LIGO detectors reach design sensitivity, the
background corresponding to all PBH masses considered here
should be detectable with significant SNRs, if the curvature
power spectrum has the amplitude A that we assume. Con-
versely, a non-detection would put strong constraints on the
amplitude A of the curvature power spectrum as well as the
abundances of the corresponding PBHs, independent of Hawk-
ing radiation considerations.
V. SUMMARY AND OUTLOOK
In this work, we explore the possibility of detecting the
stochastic GW background produced by primordial curvature
perturbations, which are associated with the formation of PBHs.
These GWs, produced by scalar-tensor mode coupling in the
second order perturbation theory, can be modelled assuming a
shape for the curvature power spectrum Pζ(k). We consider two
models for the primordial curvature power spectrum — one
with a monochromatic peak, expressed as a Dirac delta function
in log(k) centered on log(k0), and another with a Gaussian
peak in log(k) with mean log(k0), and variance σ2. Following
the prescription of Wang et al [23], we evaluate the energy
density fraction ΩGW( f ) from the power spectrum Pζ . We
find that ΩGW( f ) falls within the LIGO detectors’ sensitivity
bands for a narrow range of ultralight PBH masses around
. 1015g. Motivated by this, we compute the expected SNRs,
for both cases, assuming ΩGWs associated with PBH masses
10−18.5, 10−19, 10−19.5 and 10−20M. We consider sensitivities
associated with LIGO observing runs O1+O2, O3 (projected)
as well as the design sensitivity (projected).
The power-spectra have a free amplitude parameter A, which
we fix in two ways. The first normalizes the mass-function
f (M) to the upper limits on fPBH from other experiments that
assume Hawking radiation, in the ultralight PBH regime. The
second allows fPBH to attain its maximum possible value of
unity, not relying on Hawking-radiation based constraints since
it has thus far not been verified experimentally.
We then compute the expected SNRs, which we tabulate in
Table I. Among the four masses considered, the most optimistic
from a detection perspective is 10−19M, which produces a sig-
nificant expected SNR even for O1+O2 sensitivity. However,
it must be noted that this is only for the monochromatic case,
where the dominant contribution of the SNR comes from a
sharp feature of its ΩGW. On the other hand, all masses pro-
duce significant expected SNRs assuming an O3 sensitivity,
7even for the more realistic Gaussian power spectrum, provided
A is kept at its maximum allowed value (corresponding to
fPBH = 1). At design sensitivity, all masses considered are
detectable, for both choices of power spectra, and even after
considering the current constraints on fPBH (which limits the
value of A).
While a perfectly monochromatic power spectrum is prob-
ably not realistic, there are models of inflation that predict
narrow power spectra that are reasonably approximated by the
monochromatic spectrum. Therefore, given the fact that we
get large expected SNRs (even with O1 and O2 sensitivity) for
a range of PBH masses, there is good motivation for searching
for this signal in O1 and O2 data. In O3 data, even the sig-
nal corresponding to the more realistic log-normal spectrum
should be detectable, depending on the true value of A. A
non-detection would enable us to place upper limits on the
amplitude A of the primordial power spectrum as well as the
abundance of primordial black holes in the relevant mass range.
This could, in turn, constrain models of inflation.
At design sensitivity, the stochastic background from stellar
mass BBH mergers would also be detectable [18]. Therefore,
a significant SNR would not in itself suggest the detection
of the induced stochastic background associated with PBHs.
Nevertheless, the difference in the shape of ΩGW from each of
these sources should enable us to distinguish the primordial
background from the astrophysical background.
The detectability of the induced stochastic GW background
in current and future sensitivities of the LIGO detectors has
been either touched upon in previous work (see [40]), or ex-
plored in more detail assuming a log-normal power spectrum
[41]. The latter work focuses on the very important topic of
constructing sensitivity (power-law integrated) curves [27] for
such stochastic backgrounds, for log-normal power spectra
and LIGO at design sensitivity. They don’t however explicitly
compute SNRs for a range of current and future sensitivities
of LIGO, nor evaluate values of the amplitude of the curvature
power spectrum with and without constraints on fPBH from
other experiments. Furthermore, they only restrict themselves
to the log-normal curvature power spectrum, and don’t con-
sider the monochromatic spectrum like we do in this work.
Indeed, we show that in principle, constraints on the stochastic
background from the monochromatic spectrum associated with
ultralight PBHs can be placed with existing data from O1 and
O2. We are currently in the process of conducting a search for
this background in O1 and O2 data, which we hope to report
soon.
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